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Homeodomain Interacting Protein Kinase 2
Promotes Apoptosis by Downregulating
the Transcriptional Corepressor CtBP
to interact with CtBP are involved in development. Oth-
ers have been linked to processes such as cell transfor-
mation (Izutsu et al., 2001; Palmer et al., 2001).
Target genes regulated by CtBP have been identified
serendipitously, for the most part, by linking certain
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assays of mouse embryo fibroblasts (MEFs) derived
from animals engineered to contain mutations in the two
mammalian CtBP isoforms (Grooteclaes et al., 2003).
These studies supported the idea that CtBP is criticallySummary
involved in gene regulation in mammalian systems. Of
note, several of the genes upregulated in the knockoutGenetic knockout of the transcriptional corepressor
MEFs had been linked previously to apoptosis, includingCtBP in mouse embryo fibroblasts upregulates several
PERP, p21, Noxa, and Bax. Interestingly, despite thegenes involved in apoptosis. We predicted, therefore,
fact that these genes are known p53 targets, CtBP andthat a propensity toward apoptosis might be regulated
p53 appear to act through distinct mechanisms. Likethrough changes in cellular CtBP. To identify pathways
cells in which p53 has been activated, however, theinvolved in this regulation, we screened a mouse em-
CtBP null MEFs had an increased sensitivity to proapo-bryo cDNA library with an E1A-CtBP complex and
ptotic stimuli. Thus, CtBP can be considered to be anidentified the homeodomain interacting protein kinase
antiapoptotic factor. Knockout of the two CtBP isoforms2 (HIPK2), which had previously been linked to UV-
in mice causes lethality at day eight of development duedirected apoptosis through its ability to phosphorylate
to a variety of defects (Hildebrand and Soriano, 2002).p53. Expression of HIPK2 or exposure to UV irradiation
The profound effects of CtBP ablation, both in cellreduced CtBP levels via a proteosome-mediated path-
culture and in intact animals, suggest that CtBP influ-way. The UV effect was prevented by coexpression of
ences a wide range of biological processes. We wouldkinase-inactive HIPK2 or reduction in HIPK2 levels via
predict, for example, that pathways that lead to a de-siRNA. Mutation of the residue phosphorylated by
crease in CtBP levels might sensitize cells to stimuli thatHIPK2 prevented UV- and HIPK2-directed CtBP clear-
promote apoptosis. In general, however, the regulationance. Finally, reduction in CtBP levels, either by ge-
of transcriptional coactivator and corepressor levels hasnetic knockout or siRNA, promoted apoptosis in p53-
received relatively little attention. One possible mecha-deficient cells. These findings provide a pathway for
nism for regulation is that CtBP levels or activity couldUV-induced apoptosis in cells lacking p53.
be regulated by posttranslational modification. Indeed,
the initial identification of CtBP was based on its being
Introduction
an E1A-associated phosphoprotein (Boyd et al., 1993).
CtBP was recently reported to be phosphorylated on
Carboxy-terminal binding protein (CtBP) was initially serine 158 (Barnes et al., 2003) and sumoylated on lysine
identified by virtue of its ability to interact with the car- 428 (Kagey et al., 2003; Lin et al., 2003). To identify
boxyl terminus of the adenoviral protein E1A (Boyd et additional pathways that could potentially regulate
al., 1993). Like other E1A binding proteins, CtBP also CtBP, we screened a mouse embryonic cDNA library
interacts with a wide variety of cellular factors, many of in yeast with a two-component bait comprised of the
which have been characterized as DNA binding tran- carboxyl terminus of E1A and full-length CtBP. This bait
scriptional repressors (Chinnadurai, 2002). Thus, CtBP was selected because it tends to select against DNA
has been categorized as a corepressor. Genetic and binding transcriptional repressors. One of the strongest
biochemical studies in Drosophila have shown that CtBP interactions identified in the screen involved a protein
is required for the functions of several developmentally known as homeodomain-interacting protein kinase-2
important transcription factors, including snail, kruppel, (HIPK2), a serine/threonine kinase initially identified
and knirps (Nibu et al., 1998; La Rosee-Borggreve et through its ability to interact with the Nk-3 homeoprotein
al., 1999). CtBP appears to have similar functions in (Kim et al., 1998). HIPK2 had previously been shown to
mammalian systems (Chinnadurai, 2002). As in Drosoph- mediate the phosphorylation of p53 in response to UV
ila, many of the mammalian transcription factors found irradiation, thereby activating p53 function and promot-
ing apoptosis (D’Orazi et al., 2002; Hofmann et al., 2002).
Our studies indicate that HIPK2 also promotes apopto-*Correspondence: zhangq@ohsu.edu
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sis through its effects on CtBP. Phosphorylation by Interaction between HIPK2 and CtBP
HIPK2 targets CtBP to a proteasomal degradation path- in Mammalian Cells
way. The resultant decrease in CtBP levels, like the The portion of mouse HIPK2 isolated in the yeast three-
HIPK2 activation of p53, sensitizes cells to apoptosis. hybrid screen extended from residues 774–876, a region
UV irradiation also appears to activate the CtBP degra- outside the kinase domain that is highly distinct among
dation pathway, thereby potentially promoting apopto- the various HIPK family members. A GST-HIPK2 fusion
sis in cells (including most tumor cells) that lack p53. protein was expressed in bacteria, coupled to glutathi-
one-agarose beads, and incubated with recombinant
Results His-tagged CtBP. Bound CtBP was assayed by Western
blotting using an antibody directed against the His-tag
Identification of HIPK2 (Figure 1B). No binding of CtBP was detected in the
as a CtBP-Interacting Protein presence of GST alone. To determine whether the inter-
To identify potential CtBP modulators, we employed a action of CtBP and HIPK2 could be detected in vivo,
yeast three-hybrid approach. We previously found that we coexpressed FLAG-tagged CtBP and either wild-
standard two-hybrid screens utilizing CtBP as bait iden- type or kinase-inactive (KR) Myc-tagged HIPK2 in Cos
tified mostly DNA binding transcriptional repressors, 7 cells. Coimmunoprecipitation of CtBP and HIPK2 was
which were not our primary interest. Most of these re- evident only in the presence of the kinase-inactive (KR)
pressors contained a variant of the consensus CtBP mutant (Figure 1C). The inability of an active kinase to
binding motif, PXDLS (Vo et al., 2001). We hypothesized associate stably with its target is fairly typical, however,
that CtBP modulators would bind through a protein in- which led us to examine whether HIPK2 affected some
teraction domain distinct from that involved in repressor aspect of CtBP function. Of note, previous studies had
binding. CtBP encoded by the bait plasmid should be shown that HIPK2 mediates the phosphorylation of p53
recruited to the carboxyl terminus (designated Cter) of on serine 46 after UV irradiation, a process that in-
a Lex A-E1A fusion protein, forming a complex and creases p53-dependent gene expression and promotes
masking the PXDLS binding interface. Thus, most of the apoptosis (D’Orazi et al., 2002; Hofmann et al., 2002).
repressor interactions should be eliminated. An addi- This led us to ask whether there is any connection be-
tional advantage of the two-component bait is that it tween UV irradiation, HIPK2, CtBP, and the apoptotic re-
should present interaction surfaces that exist in native sponse.
CtBP complexes. The PXDLS-containing portion of E1A
was chosen because it represents one of the best-stud- Regulation of CtBP Protein Level
ied CtBP interaction domains. LexA-E1ACter and CtBP by Overexpression of HIPK2
were expressed in the same plasmid (designated LexA- Inspection of the CtBP levels in Figure 1C showed a
Cter-YeA-CtBP) to ensure an equivalent level of expres- slight decrease one day after transfection with the wild-
sion of both components of the bait. type kinase. Figure 2A shows the effects of the wild-
Preliminary experiments involving known E1A and type and KR mutant on CtBP levels after three days.
CtBP interactions were utilized to test this screening The wild-type HIPK2 clearly decreased CtBP levels at
procedure. All baits (listed in the left column of Figure this time, while the KR mutant had the opposite effect
1A) had low background activity, as shown by the ab- (Figure 2A). Tubulin levels, assayed as a control, re-
sence of growth when paired with a plasmid expressing mained constant. This suggests that HIPK2 activity af-
VP16 alone. As expected, LexA-CtBP strongly inter- fects the cellular levels of CtBP.
acted with VP16-E1A, consistent with our previous find-
ing that this bait tends to identify primarily PXDLS-con-
Regulation of CtBP Levels by UV Exposuretaining repressors. In contrast, the interaction between
Previous studies showing that HIPK2 is activated byLexA-Cter-YeA-CtBP and VP16-E1A occurred signifi-
UV irradiation utilized UV-C, which represents radiationcantly less frequently. This indicates that although inter-
from 180–280 nm. Skin cancer, the most common humanactions with PXDLS-containing proteins are not elimi-
cancer associated with UV exposure, is caused primarilynated completely, their incidence is relatively low. CtBP
by UV-A and UV-B, however. Therefore, we used UV-Bis known to homodimerize through a region involving
to examine the effects of UV irradiation on CtBP levels.residues 81–361 (Sewalt et al., 1999). The finding that
[For reference, a typical dosage of UV-B required forLexA-Cter-YeA-CtBP, but not LexA-Cter alone, can re-
activating various signaling pathways ranges from 200–cruit a fusion protein containing the homodimerization
4000 J/m2 as compared to 30–60 J/m2 for UV-C (Bodedomain of CtBP linked to VP16 reflects the ability of the
and Dong, 2003).] Cos 7 cells were transfected withfull-length CtBP molecule expressed in the bait plasmid
FLAG-CtBP and treated 16 hr later with 250–4000 J/m2to function as an intermediary.
UV-B. After an additional six hr incubation, CtBP levelsThree million transformants from an embryonic day
were assayed by Western blotting using an antibody to9.5 mouse cDNA fusion library were screened using
CtBP. UV exposure greater than 500 J/m2 dramaticallythe LexA-Cter-YeA-CtBP probe. One of the strongest
decreased the CtBP protein level (Figure 2B). CtBPinteractions from this screen involved the homeodomain
mRNA levels were not affected, as assayed by RT-PCRinteracting protein kinase 2 (HIPK2), a nuclear serine/
(data not shown), indicating that the effect occurred atthreonine kinase originally characterized as a corepres-
the translational or posttranslational level. As a controlsor for the homeodomain transcription factor Nk-3.
for cell viability, extracts were assayed for tubulin andVP16-HIPK2 was subsequently found to interact with
ERK; levels of these proteins did not change (Figure 2B).LexA-CtBP, but not LexA-Cter, indicating that the inter-
We next asked whether endogenous CtBP levels wereaction with LexA-Cter-YeA-CtBP occurred through the
CtBP and not through the E1A component (Figure 1A). regulated in a similar manner. Saos2 and H1299 cells
HIPK2 Phosphorylation of CtBP Regulates Apoptosis
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Figure 1. Interaction between HIPK2 and
CtBP
(A) Pairing experiments involving VP16-E1A,
VP16-CtBP, and VP16-HIPK2 with LexA-
CtBP, LexA-E1ACter, and the LexA-E1ACter-
CtBP complex. VP16-E1A, VP16-CtBP, and
VP16-HIPK2 are VP16 fusion constructs en-
coding E1A, mouse CtBP133-322, or mouse
HIPK2774-867. The levels of interaction are indi-
cated by the number of colonies growing
on THULL over the number of colonies
growing on TULL.
(B) GST pulldown assay. A GST fusion protein
containing full-length HIPK2 (GST-HIPK2) or
GST alone were coupled to glutathione-aga-
rose beads and incubated with recombinant
CtBP. CtBP bound to the GST-HIPK2 fusion
proteins was visualized by Western blotting.
(C) Association of CtBP and HIPK2 in vivo.
FLAG-CtBP and Myc-HIPK2 coexpressed in
Cos 7 cells were immunoprecipitated through
either the FLAG- or Myc-tag. The presence
of CtBP and HIPK2 in the complexes was
assayed by Western blotting using antibodies
specifically recognizing CtBP1 or the Myc
epitope (9E10). WT denotes wild-type HIPK2;
KR denotes K221R, a kinase-inactive mutant
of HIPK2.
were exposed to 2000 J/m2 UV-B and assayed for HIPK2 using RT-PCR and primers derived from the pub-
lished human and mouse cDNAs (data not shown). Next,CtBP-1 by Western blotting as above. UV irradiation
decreased endogenous levels of CtBP-1 in these cells we cloned siRNA duplexes targeting either the N-ter-
minal (A) or central region (B) of the monkey HIPK2 intoas well (Figure 2C), although not as completely as in the
experiments using transfected FLAG-CtBP. We believe the vector, pH1. Cos 7 cells were cotransfected with
FLAG-CtBP and a plasmid containing HIPK2 siRNA. Asthat this difference is due in part to the sensitivities of
the antibodies used for detection. shown in Figure 3B, HIPK2 mRNA was reduced by about
75% using either of the specific siRNAs. No decrease
was detected when experiments were performed usingHIPK2 Is Required for the UV-Induced Decrease
a control vector. Additionally, no decrease was seen inin CtBP
the levels of a lamin control. To visualize the reductionTo determine whether HIPK2 is involved in the UV-trig-
of HIPK2 at the protein level, we transfected cells withgered CtBP decrease, we cotransfected Cos 7 cells with
a GFP-HIPK2 fusion gene. GFP expression was com-FLAG-CtBP and wild-type or kinase-inactive HIPK2. Six-
pletely lost after expression of either specific siRNAteen hours later, cells were treated with UV-B at 500 or
duplex but not after transfection with the control vector2000 J/m2. Wild-type HIPK2 cleared the cells of CtBP
(Figure 3C). Having established that HIPK2 levels couldeven in the absence of UV treatment while the mutant
be reduced significantly by siRNA, we tested whetherHIPK2 completely prevented the UV response (Figure
this kinase participated in the response of CtBP to UV-B.3A). This result suggested that the kinase-dead HIPK2
Cos 7 cells transfected with plasmids expressing FLAG-might function in a dominant-negative manner. It should
CtBP and control or specific HIPK2 siRNAs were treatedbe noted that the amount of transfected HIPK2 was
with 500 J/m2 UV-B. As shown in Figure 3D, both specificdecreased and the duration of growth after transfection
duplexes prevented the loss of FLAG-CtBP. These stud-was shortened as compared to earlier experiments to
ies suggest that HIPK2 is essential for the UV-mediatedminimize the changes in CtBP levels (compare CtBP
CtBP decrease.levels in lanes 1 and 7; even the reduced amount of
wild-type HIPK2 was sufficient to decrease CtBP levels,
however, as shown in lane 4). Taken together with the CtBP Is Destroyed by the Proteasome
One explanation for the reduced CtBP levels is that thereported activation of HIPK2 by UV, these experiments
suggested that HIPK2 might be responsible for the UV- protein is cleared by the proteasomal machinery. To test
this hypothesis, we pretreated Cos 7 cells overnight withinduced CtBP decrease.
To assess the involvement of HIPK2 in this process, 2.5 M MG-132, a specific proteasome inhibitor (Rock
et al., 1994). This treatment prevented the decrease inwe employed an siRNA approach. Because these exper-
iments were to be performed in Cos 7 cells, we first FLAG-CtBP induced by UV-B (Figure 4A). Similarly, the
clearance of endogenous CtBP was also prevented byestablished the sequence of African green monkey
Cell
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Figure 3. HIPK2 Is Responsible for the UV-Induced CtBP Decrease
(A) HIPK2, either wild-type (WT) or the kinase-dead mutant (KR),
was transfected with a CtBP plasmid into Cos 7 cells. The next day,
cells were irradiated with UV-B and the level of CtBP was assayed
by Western blotting using an anti-CtBP antibody.
(B) RT-PCR of HIPK2 mRNA in cells treated with siRNA. Cos 7
cells were transfected with a pH1 vector containing HIPK2 siRNA
duplexes (A and B) or the empty vector (designated c). Titrations of
the PCR products used for quantitation are shown in the right imagesFigure 2. HIPK2 and UV Irradiation Decrease Levels of CtBP
(STD). RT-PCR was performed to assess the decrease of HIPK2
(A) CtBP and HIPK2, either wild-type (WT) or the kinase-dead mutant mRNA. Lamin mRNA was measured as a negative control.
(KR), were coexpressed in Cos 7 cells. After 3 days, the level of (C) GFP-HIPK2 was used to visualize the decrease of HIPK2 protein.
CtBP protein in cells was visualized by Western blotting using an (D) CtBP and pH1 vector containing siRNA to HIPK2 (A and B) or
anti-CtBP antibody. Levels of cellular -tubulin are shown as a the empty vector (c) were cotransfected into Cos 7 cells. Two days
control. later, cells were irradiated with UV-B and the level of CtBP was
(B) Cos 7 cells overexpressing CtBP were exposed to varying doses assayed by Western blotting using an anti-CtBP antibody.
of UV-B. CtBP levels were assayed 6 hr after UV irradiation using
an anti-CtBP antibody. Cellular levels of -tubulin and ERK2 re-
mained constant.
R.H.G., unpublished data). Overexpression of HIPK2 in(C) Saos2 and H1299 cells were irradiated with 2000 J/m2 of UV-B
HeLa cells enhanced the expression of plakoglobin andand endogenous CtBP levels were visualized by Western blotting
with an antibody specifically recognizing CtBP1. this effect was blocked by MG-132 (Figure 4C).
CtBP Is Phosphorylated at Serine 422
The fact that the active HIPK2 does not bind CtBP stablyMG-132 treatment (Figure 4B). To test whether these
changes in CtBP levels affect downstream target genes, suggests that HIPK2 might phosphorylate CtBP directly.
Indeed, GST-HIPK2 was able to phosphorylate CtBP inwe performed RT-PCR analysis on plakoglobin, a known
CtBP target (Grooteclaes et al., 2003; W. Ludlam and vitro (Figure 5A). HIPK2 is a serine/threonine kinase that
HIPK2 Phosphorylation of CtBP Regulates Apoptosis
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alanine in the context of the full-length protein (Figure
5C). Mutation of other serine residues within this domain
had no effect (data not shown).
Mutation of Serine 422 Prevents HIPK2-
and UV-Induced CtBP Clearance
CtBP is known to be a dimer or multimer. Consequently,
it is likely that CtBP mutants introduced into cells will
associate with the endogenous wild-type protein, pre-
cluding analysis of the mutant phenotype. To overcome
this problem, we used MEF cells containing homozy-
gous knockouts of the CtBP1 and 2 genes (designed
MEF/). In these cells, HIPK2 (Figure 6A) or UV (Figure
6B) had no effect on CtBP clearance if serine 422 was
mutated. Interestingly, levels of the serine 422 mutants
were consistently higher than those of wild-type CtBP.
This suggests that CtBP might be phosphorylated to
some degree by the basal activity of HIPK2 or by
other kinases.
CtBP Is Antiapoptotic
The studies described above suggest that UV-B reduces
CtBP protein levels at least in part through activation
of HIPK2. Studies in other labs have shown that in cells
that contain p53, the UV-HIPK2 pathway promotes
apoptosis (D’Orazi et al., 2002; Hofmann et al., 2002). We
asked, therefore, whether the UV-HIPK2-CtBP pathway
causes apoptosis in p53-deficient cells. For these stud-
ies, we again used the CtBP knockout MEFs. These
cells were immortalized using large T antigen and are
therefore likely to lack functional p53. Two lines were
studied: MEF/ cells heterozygous for both CtBP1 and
CtBP2 and the MEF/ cells described above containing
Figure 4. CtBP Is Cleared by the Proteasome homozygous knockouts of both genes. Cell death was
(A) Cos 7 cells overexpressing CtBP were pretreated with the protea- induced within 24 hr by a low dose (250 J/m2) of UV-B
some inhibitor MG-132 (2.5 M) or the carrier DMSO overnight and exposure in the CtBP null line (data not shown). At higher
irradiated with UV-B. The level of CtBP was assayed by Western doses of irradiation, an earlier effect was apparent. En-
blotting using an anti-CtBP antibody.
dogenous CtBP decreased in the heterozygous knock-(B) MEF cells derived from CtBP heterozygous mice were pretreated
out cells 6 hr after 2000 J/m2 UV-B treatment and waswith proteasome inhibitor MG-132 (2.5 M) or the carrier DMSO
overnight and irradiated with UV-B. Endogenous CtBP was assayed paralleled by a small increase in caspase-3 activation
by Western blotting with an antibody specifically recognizing (Figure 7A, right). Caspase-3 activation was much more
CtBP-1. prominent in the CtBP null cells. PARP cleavage, down-
(C) HeLa cells overexpressing HIPK2 were pretreated with MG-132 stream from caspase-3 activation, was also much more
(2.5 M) or the carrier DMSO overnight. The expression of plako-
obvious in the CtBP null cells (Figure 7A, left). Theseglobin was assayed by RT-PCR. Lamin mRNA was measured as
observations confirm the findings reported recently bycontrol.
Grooteclaes et al. (2003) using other apoptotic stimuli.
Because of the possibility that the increase in suscep-
tibility to apoptosis in the homozygous knockout cellsusually prefers sites containing proline residues. Be-
cause human CtBP1 contains aspartate-proline se- could be a secondary effect, we reduced CtBP levels
acutely using siRNA. For these experiments, an siRNAquences at positions 204 and 366, we utilized formic
acid cleavage to generate smaller fragments for analy- duplex was utilized that targets both CtBP1 and 2. De-
spite the fact that the levels of CtBP in HeLa cells treatedsis. CtBP phosphorylated in vitro by GST-HIPK2 was
separated on SDS-PAGE, excised, and digested using with specific siRNA decreased by only about 50%, cas-
pase-3 was activated even in the absence of UV treat-70% formic acid. The 32P-labeled fragment migrates
around 12 kDa (Figure 5A), suggesting that the phos- ment (Figure 7B). siRNA knockdown of CtBP in p53 null
H1299 cells also induced caspase-3 activation (Figurephorylation site is localized in the carboxyl terminus.
We then created two CtBP fragments: domain E spans 7B). We conclude, therefore, that the apoptosis trig-
gered by lowering the level of CtBP is independent ofresidues 1 to 361 and domain A covers residues 342 to
440. Only the A domain could be phosphorylated by p53 activation. As expected, overexpressing the S422A
CtBP mutant protected against UV-induced apoptosisHIPK2 (Figure 5B). Within this region, only one serine
residue (serine 422) is conserved in the human and more effectively than the wild-type (Figure 7C).
In summary, HIPK2 activated by UV irradiation ap-mouse CtBP 1 and 2 isoforms. CtBP phosphorylation
was totally eliminated when serine 422 was mutated to pears to direct CtBP to a proteasomal degradation path-
Cell
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Figure 5. Mapping the HIPK2-Phosphoryla-
tion Site on CtBP
(A) CtBP phosphorylated by GST-HIPK2 was
isolated and subjected to formic acid diges-
tion. The digested sample was separated on a
10%–20% gradient SDS-PAGE and analyzed
by phosphorimager. FL designates full-length.
(B) HIPK2 phosphorylation of CtBP fragment
E (aa 1 to 361) and A (aa 342 to 440).
(C) HIPK2 phosphorylation of full-length
CtBP, wild-type (WT) and the S422A mutant.
The alignment of human and mouse CtBP 1
and 2 is on the left.
way. Decreasing HIPK2 activity using either a kinase- mation (Izutsu et al., 2001; Palmer et al., 2001). It has
been proposed that agents targeted toward disruptinginactive mutant or specific siRNAs blocks this effect
and phosphorylation of serine 422 is essential. Lowering this interaction may be useful therapeutically. The find-
ing that CtBP levels can be downregulated by UV expo-CtBP levels either by genetic knockout or siRNA pro-
motes apoptosis. These events provide a complemen- sure could have implications for many transcriptional
pathways.tary pathway through which UV activation of HIPK2 can
promote apoptosis in p53-deficient cells. Despite the clear indications that CtBP is critical for
embryonic development and cellular transformation, lit-
tle is known about CtBP regulation. Kagey, et al. (2003)Discussion
recently reported that CtBP was sumoylated on lysine
428 via the actions of PC2, a polycomb group protein.Like other E1A binding proteins, CtBP is involved in
many critical cellular transcriptional pathways. Genetic Sumoylation is believed to be important for targeting
transcription factors to specific subnuclear domains andstudies in flies indicate that CtBP functions at several
stages of development, mediating the signals of snail, it is possible that this modification could contribute to
the regulation of CtBP function.kruppel, knirps, and Tramtrack69 (Nibu et al., 1998; La
Rosee-Borggreve et al., 1999; Lai and Li, 1999). In mam- The fact that CtBP is well known to be a phosphopro-
tein points to another possible mode of regulation. Ourmalian systems, CtBP1 and 2 have been shown to partic-
ipate in multiple developmental pathways as well, and studies indicate that the nuclear serine/threonine kinase
HIPK2 phosphorylates CtBP at serine 422. Previous ex-one human disease, holoprosencephaly, has been
shown to result from a mutation in the CtBP-interacting periments had shown that HIPK2 activated by UV phos-
phorylates p53 on serine 46 and that this modificationdomain of TGIF, a TALE homeodomain protein (Melhuish
and Wotton, 2000). The embryonic lethality of CtBP1 stimulates the ability of p53 to activate transcription
(D’Orazi et al., 2002; Hofmann et al., 2002). Transcrip-and 2 genetic knockouts in mice supports the idea that
these factors are central for mammalian development tional activation by p53 induces the expression of genes
involved in apoptosis. Thus, it was proposed that HIPK2(Hildebrand and Soriano, 2002). Additionally, Evi-1, an
oncoprotein responsible for acute myelogenous leuke- is a critical intermediate in the UV-p53-apoptosis path-
way. Interestingly, microarray analysis showed that sev-mia, requires interaction with CtBP to mediate transfor-
HIPK2 Phosphorylation of CtBP Regulates Apoptosis
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Figure 6. S422A Mutation Prevents CtBP Clearance
(A) CtBP, wild-type (WT) or S422A mutant, was transfected into
MEF/ cells along with HIPK2 and the CtBP level was assayed by
Western blotting.
(B) CtBP, wild-type (WT) or S422A mutant, was transfected into
MEF/ cells and exposed to increasing amounts of UV-B. The CtBP
level was assayed by Western blotting.
eral proapoptotic genes were induced in cells engi-
neered to lack CtBP (Grooteclaes et al., 2003). Moreover,
these cells had an increased sensitivity to proapoptotic
stimuli. Although it is conceivable that these results
could reflect a direct inhibitory interaction between Figure 7. CtBP Is Antiapoptotic
CtBP and p53, two findings argue against this hypothe-
(A) CtBP null cells are sensitized to UV exposure. MEF cells derived
sis. First, ablation of CtBP had no effect on expression from CtBP heterozygous mice (MEF/) and null (MEF/) mice were
of a synthetic p53 reporter gene. Second, the microarray irradiated with UV-B as shown. Six hours later, endogenous CtBP
was assayed by Western blotting with an antibody specifically rec-studies were performed in MEF cells that had been im-
ognizing CtBP1. The apoptotic markers, cleaved caspase-3 andmortalized with T-antigen, which should downregulate
PARP, are induced in the CtBP null cells.p53 function. Of note, the UV- and HIPK2-directed deg-
(B) Reduction in CtBP via siRNA triggers apoptosis. CtBP levelsradation of CtBP additionally occurred in Saos2 and
were decreased in HeLa (left) or H1299 (right) cells by treatment with
H1299 cells, which are also known to be p53-deficient. a siRNA duplex directed against both CtBP1 and 2. The apoptotic
Thus, by directing CtBP toward degradation, HIPK2 may response was assayed by Western blotting using an antibody spe-
cific for the cleaved form of caspase-3.also induce cell death through a p53-independent mech-
(C) Cos 7 cells overexpressing CtBP wild-type (WT) or the S422Aanism. Consistent with this model, siRNA knockdown
mutant (SA) were irradiated with 1000 J/m2 UV-B and their apoptoticof CtBP triggers apoptosis in cells that are null for p53.
responses were assayed six hours later using an antibody specificTumor cells are frequently deficient in functional p53
for the cleaved form of caspase-3.
but can still undergo apoptosis. Our results suggest
that CtBP depletion could contribute to apoptosis in
this setting. mutant, which blocked the UV-directed CtBP clearance,
and by studies using two specific HIPK2-directedThe ability of HIPK2 to regulate CtBP levels was unex-
pected but is consistent with the finding that CtBP levels siRNAs. The clearance of CtBP induced by UV was blocked
by proteasomal inhibitors. We hypothesize that this pro-are also reduced after UV exposure. Involvement of
HIPK2 in the UV response was supported by studies cess depends upon HIPK2 phosphorylation of CtBP at
serine 422. This residue is flanked by prolines, which isusing the dominant-negative, kinase-inactive HIPK2
Cell
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somewhat unusual. It remains to be determined whether be recognized by other kinases. In this case, CtBP could
serine 422 can be phosphorylated by other kinases and, participate in an even wider-ranging pattern of signaling
if so, whether they also mediate CtBP clearance. pathways than is currently imagined. Conceivably, acti-
Whether phosphorylation at serine 422 directly affects vation of one of these signaling pathways could be uti-
other modifications of CtBP also remains unknown. lized therapeutically to downregulate CtBP and block
Although HIPK2 has been proposed to have many the ability of factors such as Evi-1 to mediate cell trans-
potential targets, an association with CtBP has not pre- formation. Alternatively, because E-cadherin and other
viously been identified. Presumably, this is because cell adhesion genes are upregulated by CtBP ablation,
standard yeast two-hybrid assays tend to identify pro- it is possible that manipulation of CtBP levels could
teins that interact with CtBP through their PXDLS motifs. be used to decrease the propensity of certain tumors
By utilizing a three-hybrid approach, we could eliminate to metastasize.
these interactions and focus our screen on binding
events that depend upon other CtBP domains. The
Experimental Procedures
CtBP-HIPK2 interaction does appear to be direct, how-
ever, and does not depend upon the presence of E1A. Plasmids
Although a stable HIPK2-CtBP complex could not be The bait plasmid for the three-hybrid screen was constructed from
the pBTMYeA backbone (Zhang et al., 2000a). To generate thiscoimmunoprecipitated from cells, CtBP did bind to a
plasmid, E1ACter (representing the carboxy-terminal 67 aa of 12Skinase-inactive HIPK2 mutant. It is of interest that HIPK2
E1A) was cloned via PCR downstream from the LexA sequencesand CtBP are both subject to sumoylation, which could
after cleaving the parental vector with BamH1 and Sal1. CtBP was
be important in targeting both proteins to the same sub- cloned via PCR into the Not1 and Xho sites of pBTMYeA. LexA-
nuclear domain. Histone deacetylases, believed to be CtBP was constructed by PCR cloning into the EcoR1 and Sal1
important for CtBP function, are also sumoylated. sites of pBTM116 and LexA-Cter was constructed by PCR cloning
into the BamH1 and Sal1 sites of pBTMYeA (Zhang et al., 2000a).The ability of a mutant protein to dimerize with its
VP16-E1A was constructed by PCR cloning into the BamH1 andendogenous counterpart complicates analysis of many
Not1 sites of pVP16 (Zhang et al., 2000a). An E9.5 mouse embryophenomena. This is particularly an issue in studies of
VP16 fusion cDNA library was a gift from S. Hollenberg (Vollumprotein clearance, where a posttranslational modifica-
Institute, Oregon Health and Science University). VP16-HIPK2774–876
tion can have a dominant effect on the trafficking of a and VP16-CtBP133–322 were positive clones isolated from the library
protein complex. We were able to overcome this prob- screen. EGFP-HIPK2, GST-HIPK2, and Myc-HIPK2 (both wild-type
lem by using CtBP-knockout MEFs. In these cells, muta- and the K221R kinase-inactive form) were from Y. Kim (NIH,
Bethesda, MD). FLAG-CtBP and PET24bCtBP were described pre-tion of serine 422 largely attenuated the effects of UV
viously (Zhang et al., 2000b). CtBP1 fragment E (1–361) and A (342–or HIPK2 on CtBP clearance. In Cos 7 cells, the serine
440) were created by PCR cloning and expressed as His6-fusion in422 mutant protected against apoptosis more effec-
BL21(DE3). The CtBP S422A mutation was created by Quik-
tively than the wild-type. Interestingly, levels of the ser- Change mutagenesis.
ine 422 mutants were consistently higher than those
of wild-type CtBP. This suggests that CtBP could be
Proteinsphosphorylated to some degree by basal levels of HIPK2
Glutathione S-transferase (GST)-HIPK2 was expressed in bacteriaor by other kinases that may also contribute to the regu-
and purified by glutathione-Sepharose affinity chromatography
lation of CtBP levels. (Sigma). His-CtBP (both wild-type and S422A mutant) was ex-
Relatively little is known about the regulation of tran- pressed in strain BL21(DE3) and purified by Ni-nitrilotriacetic acid
scriptional coactivators and corepressors by intracellu- affinity chromatography (Qiagen).
lar signaling pathways. As opposed to modifications of
specific DNA binding factors, phosphorylation of core-
Yeast Three-Hybrid Screen
gulators has the potential to influence a large number The LexA-E1ACter-YeACtBP bait plasmid was transformed into the
of transcriptional programs. Neuronal activity induces L40 yeast strain using a standard small-scale transformation proto-
phosphorylation of the coactivator CBP but details of col (Shih et al., 1996). This bait strain was then subsequently trans-
formed with approximately 50 g of the library plasmid. The yeasthow this augments coactivator function are unknown
cells were allowed to grow at 30C on Leu-, Trp-, His-, Ura-, and Lys-(Impey et al., 2002). Similarly, phosphorylation of steroid
deficient plates, and colonies were picked daily for -galactosidasereceptor coactivator-1 (SRC-1) by the ERK pathway aug-
assays. Plasmids from yeast that were positive for production ofments progesterone receptor-mediated gene expres- both histidine and -galactosidase were isolated and sequenced.
sion (Rowan et al., 2000). Calcium/calmodulin-stimu- Secondary screens were performed using LexA-Cter, LexA-CtBP,
lated protein kinases trigger nuclear export of type II and LexA as bait.
HDACs, relieving the repression induced by MEF2
(McKinsey et al., 2000). Two scenarios can be envi-
GST Pulldown Assays
sioned for the regulation by HIPK2. In the first, HIPK2 GST and GST-HIPK2 were coupled to glutathione-Sepharose beads
could mediate UV signals to a variety of coregulators in (Pharmacia) and blocked with bovine serum albumin (BSA). Equimo-
addition to CtBP. It is interesting, in this regard, to note lar amounts of GST or GST fusion proteins were used in pulldown
that Groucho is also a target of HIPK2 phosphorylation assays. Recombinant CtBP was added to HEG100 binding buffer
(20 mM HEPES, [pH 7.4], 10% glycerol, 100 mM KCl, 1 mM EDTA,(Y. Kim, personal communication). Groucho and CtBP
and 1 mM dithiothreitol) plus protease inhibitors (Complete; Boeh-regulate many of the same genes in Drosophila and
ringer Mannheim) for 1 hr at 4C. The beads were washed threeother species. Groucho has been proposed to mediate
times with HEG100 buffer, boiled in 15 l of 5 sodium dodecyl
long-range and CtBP short-range modes of transcrip- sulfate (SDS) loading buffer, and electrophoresed on a 10% SDS-
tional repression, so their coordinate regulation could polyacrylamide gel. After transfer to a polyvinylidene difluoride
be synergistic (Zhang and Levine, 1999). In the second (PVDF) membrane, the bound fraction was detected by Western
blotting using an anti-His antibody (Qiagen).scenario, the HIPK2 phosphorylation site on CtBP could
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Cell Culture and Transfection the full-length protein and tested for sensitivity to HIPK2-medi-
ated phosphorylation.Cos 7, Saos2, H1299, HeLa, MEFs from CtBP-knockout mice
(MEF/), and the double heterozygotes (MEF/) were cultured in
DMEM plus 10% FBS and antibiotics. The spectral characterization Acknowledgments
of the UV-B source and the mode of the irradiation of cells with UV-B
have been described previously (Iordanov et al., 2002). Proteasome This work was supported by grants from the NIH. We thank Y. Kim
inhibitor MG-132 was from Calbiochem. Cos 7 cells were transfected for providing the HIPK2 cDNA; S. Hollenberg for the VP16-cDNA
by Fugen 6 (Roche). MEFs were transfected by Lipofectamine 2000 library; M. Thayer for the siRNA vector; W. Ludlam for siRNA con-
(Invitrogen). siRNA duplexes were introduced into HeLa cells by structs for CtBP; J. Notis for CtBP E and A domains; and M. Iordanov,
TransIT TKO (Mirus) and H1299 cells by Lipofectamine 2000. The H. Lu, Y. Liu, S. Impey, and G. Mandel for helpful comments.
expression of GFP-HIPK2 was examined by fluorescence mi-
croscopy. Received: May 23, 2003
Revised: September 19, 2003
Accepted: September 23, 2003Coimmunoprecipitations
Anti-FLAG (M2) or anti-Myc (9E10) antibodies were coupled to pro- Published: October 16, 2003
tein G-Sepharose (Pharmacia) and blocked with BSA. The beads
were used to precipitate tagged proteins from Cos 7 cell extracts References
in RIPA buffer for 1 hr at 4C. The beads were washed three times
with RIPA buffer, boiled in 15l of 5 sample buffer, and electropho- Barnes, C.J., Vadlamudi, R.K., Mishra, S.K., Jacobson, R.H., Li, F.,
resed on an SDS-6% polyacrylamide gel. After transfer to a PVDF and Kumar, R. (2003). Functional inactivation of a transcriptional
membrane, the bound fraction was assayed for CtBP or HIPK2 by corepressor by a signaling kinase. Nat. Struct. Biol. 10, 622–628.
Western blotting using anti-CtBP or 9E10 anti-Myc antibodies, re- Bode, A.M., and Dong, Z. (2003). Mitogen-activated protein kinase
spectively. activation in UV-induced signal transduction. Science’s STKE http://
stke.sciencemag.org/cgi/content/full/OC_sigtrans;2003/167/re2.
siRNA and RT-PCR Boyd, J.M., Subramanian, T., Schaeper, U., La Regina, M., Bayley,
siRNA oligonucleotides for CtBP (5-GGG AGG ACC UGG AGA AGU S., and Chinnadurai, G. (1993). A region in the C-terminus of adenovi-
UdTdG/dGdTCCC UCC UGG ACC UCU UCAA-5) were from Dhar- rus 2/5 E1a protein is required for association with a cellular phos-
macon Research, Inc. Scramble II Duplex was used as control. HeLa phoprotein and important for the negative modulation of T24-ras
or H1299 cells were transfected with 100 nM oligonucleotides and, mediated transformation, tumorigenesis and metastasis. EMBO J.
three days later, the expression of human CtBP was assayed by 12, 469–478.
Western blotting using an anti-CtBP antibody. The apoptotic re-
Chinnadurai, G. (2002). CtBP, an unconventional transcriptional co-sponse was assayed by Western blotting using antibodies to the
repressor in development and oncogenesis. Mol. Cell 9, 213–224.active forms of caspase-3 (Cell Signaling) and PARP (Promega).
D’Orazi, G., Cecchinelli, B., Bruno, T., Manni, I., Higashimoto, Y.,Antibodies to -tubulin and ERK2 were from Sigma and Santa
Saito, S., Gostissa, M., Coen, S., Marchetti, A., Del Sal, G., et al.Cruz, respectively.
(2002). Homeodomain-interacting protein kinase-2 phosphorylatessiRNA for HIPK2 was constructed as follows: Briefly, 61 nt primers
p53 at Ser 46 and mediates apoptosis. Nat. Cell Biol. 4, 11–19.were designed to include a 19 nt HIPK2 sequence, its complement, a
spacer region, 5 phosphorylated HindIII site, and 3 phosphorylated Grooteclaes, M.L., and Frisch, S.M. (2000). Evidence for a function
XbaI site (region A forward primer: CTAGGCCTACCTTACGAGCAG of CtBP in epithelial gene regulation and anoikis. Oncogene 19,
ACTTCAAGAGAGTCTGCTCGTAAGGTAGGCTTTTTGGAAA; region 3823–3828.
B forward primer: CTAGGAGTAAGCAGCACCAGTCATTCAAGAGAT Grooteclaes, M., Deveraux, Q., Hildebrand, J., Zhang, Q., Goodman,
GACTGGTGCTGCTTACTCTTTTTGGAAA). The annealed double- R.H., and Frisch, S.M. (2003). C-terminal-binding protein core-
strand DNA was cloned into the pH1 TetO vector (kindly provided presses epithelial and proapoptotic gene expression programs.
by M. Thayer, Oregon Health and Science University). FLAG-CtBP, Proc. Natl. Acad. Sci. USA 100, 4568–4573.
GFP-HIPK2, and HIPK2 siRNA pH1 vectors were cotransfected into
Hildebrand, J.D., and Soriano, P. (2002). Overlapping and uniqueCos 7 cells. GFP-HIPK2 was used as a marker. RT-PCR was per-
roles for C-terminal binding protein 1 (CtBP1) and CtBP2 duringformed to measure the decrease of HIPK2 mRNA. RNA was ex-
mouse development. Mol. Cell. Biol. 22, 5296–5307.tracted with RNeasy kit (Qiagen). DNase I (Ambion)-treated RNA
Hofmann, T.G., Moller, A., Sirma, H., Zentgraf, H., Taya, Y., Droge,was used for reverse transcription. RNA was incubated with oligo
W., Will, H., and Schmitz, M.L. (2002). Regulation of p53 activity bydT primers (Invitrogen) and 1 mM dNTPs at 65C for 5 min, cooled
its interaction with homeodomain-interacting protein kinase-2. Nat.on ice, then incubated with 10 mM DTT, 5 buffer and RNasin
Cell Biol. 4, 1–10.(Promega) RNAase inhibitor at 42C for 2 min. Reverse transcription
was performed using Super transcript II (Invitrogen) at 42C for 50 Impey, S., Fong, A.L., Wang, Y., Cardinaux, J.R., Fass, D.M., Obrie-
min. Reverse transcriptase was inactivated at 70C for 15 min and tan, K., Wayman, G.A., Storm, D.R., Soderling, T.R., and Goodman,
the product was treated with RNase A at 37C for 30 min before R.H. (2002). Phosphorylation of CBP mediates transcriptional activa-
PCR amplification. tion by neural activity and CaM kinase IV. Neuron 34, 235–244.
Iordanov, M.S., Choi, R.J., Ryabinina, O.P., Dinh, T.H., Bright, R.K.,
In Vitro Kinase Assay and Magun, B.E. (2002). The UV (ribotoxic) stress response of human
Recombinant CtBP and GST-HIPK2 fusion proteins were incubated keratinocytes involves the unexpected uncoupling of the Ras-extra-
in kinase buffer (20 mM HEPES, [pH 7.4], 20 mM MgCl2, 25 mM cellular signal-regulated kinase signaling cascade from the acti-
-glycerophosphate, 0.5 mM DTT, and 0.1 mCi of 	-P32-ATP) for 20 vated epidermal growth factor receptor. Mol. Cell. Biol. 22, 5380–
min at 30C. Reactions were stopped by adding 15 l of 5 sample 5394.
buffer and the samples were resolved by 10% SDS-PAGE. The Izutsu, K., Kurokawa, M., Imai, Y., Maki, K., Mitani, K., and Hirai,
phosphorylated CtBP was analyzed from dried gels with a Phos- H. (2001). The corepressor CtBP interacts with Evi-1 to repress
phorImager (Molecular Dynamics). transforming growth factor beta signaling. Blood 97, 2815–2822.
Kagey, M.H., Melhuish, T.A., and Wotton, D. (2003). The polycomb
Mapping the CtBP Phosphorylation Site
protein Pc2 is a SUMO E3. Cell 113, 127–137.
CtBP was phosphorylated by GST-HIPK2 and separated on SDS-
Kim, Y.H., Choi, C.Y., Lee, S.J., Conti, M.A., and Kim, Y. (1998).PAGE. 32P-CtBP was excised from the gel and treated with 70%
Homeodomain-interacting protein kinases, a novel family of co-formic acid at 37C for 24 hr (Landon, 1977). The digests were then
repressors for homeodomain transcription factors. J. Biol. Chem.dialyzed against 0.1%SDS containing 1 mM EDTA and 1 mM N-ethyl-
273, 25875–25879.maleimide and analyzed by electrophoresis. The conserved serine
residue in the phosphorylated fragment was mutated to alanine in La Rosee-Borggreve, A., Hader, T., Wainwright, D., Sauer, F., and
Cell
186
Jackle, H. (1999). hairy stripe 7 element mediates activation and
repression in response to different domains and levels of Kruppel
in the Drosophila embryo. Mech. Dev. 89, 133–140.
Lai, Z.C., and Li, Y. (1999). Tramtrack69 is positively and autono-
mously required for Drosophila photoreceptor development. Genet-
ics 152, 299–305.
Landon, M. (1977). Cleavage at aspartyl-prolyl bonds. Methods En-
zymol. 47, 145–149.
Lin, X., Sun, B., Liang, M., Liang, Y.Y., Gast, A., Hildebrand, J.,
Brunicardi, F.C., Melchior, F., and Feng, X.H. (2003). Opposed regu-
lation of corepressor CtBP by SUMOylation and PDZ binding. Mol.
Cell 11, 1389–1396.
McKinsey, T.A., Zhang, C.L., Lu, J., and Olson, E.N. (2000). Signal-
dependent nuclear export of a histone deacetylase regulates muscle
differentiation. Nature 408, 106–111.
Melhuish, T.A., and Wotton, D. (2000). The interaction of the carboxyl
terminus-binding protein with the Smad corepressor TGIF is dis-
rupted by a holoprosencephaly mutation in TGIF. J. Biol. Chem.
275, 39762–39766.
Nibu, Y., Zhang, H., and Levine, M. (1998). Interaction of short-range
repressors with Drosophila CtBP in the embryo. Science 280,
101–104.
Palmer, S., Brouillet, J.P., Kilbey, A., Fulton, R., Walker, M., Crossley,
M., and Bartholomew, C. (2001). Evi-1 transforming and repressor
activities are mediated by CtBP co-repressor proteins. J. Biol. Chem.
276, 25834–25840.
Rock, K.L., Gramm, C., Rothstein, L., Clark, K., Stein, R., Dick, L.,
Hwang, D., and Goldberg, A.L. (1994). Inhibitors of the proteasome
block the degradation of most cell proteins and the generation of
peptides presented on MHC class I molecules. Cell 78, 761–771.
Rowan, B.G., Garrison, N., Weigel, N.L., and O’Malley, B.W. (2000).
8-Bromo-cyclic AMP induces phosphorylation of two sites in SRC-1
that facilitate ligand-independent activation of the chicken proges-
terone receptor and are critical for functional cooperation between
SRC-1 and CREB binding protein. Mol. Cell. Biol. 20, 8720–8730.
Sewalt, R.G., Gunster, M.J., van der Vlag, J., Satijn, D.P., and Otte,
A.P. (1999). C-Terminal binding protein is a transcriptional repressor
that interacts with a specific class of vertebrate polycomb proteins.
Mol. Cell. Biol. 19, 777–787.
Shi, Y., Sawada, J., Sui, G., Affarel, B., Whetstine, J.R., Lan, F.,
Ogawa, H., Luke, M.P., Nakatani, Y., and Shi, Y. (2003). Coordinated
histone modifications mediated by a CtBP co-repressor complex.
Nature 422, 735–738.
Shih, H.M., Goldman, P.S., DeMaggio, A.J., Hollenberg, S.M., Good-
man, R.H., and Hoekstra, M.F. (1996). A positive genetic selection
for disrupting protein-protein interactions: identification of CREB
mutations that prevent association with the coactivator CBP. Proc.
Natl. Acad. Sci. USA 93, 13896–13901.
Vo, N., Fjeld, C., and Goodman, R.H. (2001). Acetylation of nuclear
hormone receptor-interacting protein RIP140 regulates binding of
the transcriptional corepressor CtBP. Mol. Cell. Biol. 21, 6181–6188.
Zhang, H., and Levine, M. (1999). Groucho and dCtBP mediate sepa-
rate pathways of transcriptional repression in the Drosophila em-
bryo. Proc. Natl. Acad. Sci. USA 96, 535–540.
Zhang, Q., Vo, N., and Goodman, R.H. (2000a). Histone binding
protein RbAp48 interacts with a complex of CREB binding protein
and phosphorylated CREB. Mol. Cell. Biol. 20, 4970–4978.
Zhang, Q., Yao, H., Vo, N., and Goodman, R.H. (2000b). Acetylation of
adenovirus E1A regulates binding of the transcriptional corepressor
CtBP. Proc. Natl. Acad. Sci. USA 97, 14323–14328.
